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We characterize the dark-adapted photoresponses from mouse cones intact in the isolated retina, their virtually natural environment,
by isolating pharmacologically the photoreceptor light responses from the electroretinogram (ERG). Due to the diﬀerent photoresponse
kinetics and sensitivity of rods and cones, the cone responses were readily attained by using a rod-saturating preﬂash. The stimulus wave-
length (544 nm) was chosen to selectively stimulate the green sensitive (‘‘M’’-)pigment. Obtained responses were monophasic, showing
fast kinetics (mean tp = 51 ms) and low sensitivity (fractional single-photon response ca. 0.23%). The ampliﬁcation coeﬃcient of cones
(4.6 s2) was very close to that of rods (5.6 s2), while the dominant time constant of recovery was clearly smaller for cones (33 ms) than
for rods (160 ms).
 2007 Elsevier Ltd. All rights reserved.
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Mouse cone photoreceptors are becoming the primary
model for studying mammalian cone phototransduction
and molecular mechanisms of disease, largely due to the
genetic amenability of mouse. However, characterization
of the electrical responses of mouse cones to light has been
lacking almost completely until very recently, in spite of the
emerging importance of the mouse model.
In previous studies the mouse cone function has been
investigated with electroretinogram (ERG) ﬂash responses
and ﬂicker photometry from live animals, as well as behav-
ioral testing (cf. Lyubarsky, Falsini, Pennesi, Valentini, &
Pugh, 1999 and Jacobs, Williams, & Fenwick, 2004). The
ERG signal, however, is a complicated signal consisting of
several temporally overlapping components, and therefore
only the rising phase of the ERG can be attributed to the
photoreceptor activity (see for example Hood & Birch,
1990). A further diﬃculty in assessing the cone activity of0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.11.005
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E-mail address: hanna.heikkinen@hut.ﬁ (H. Heikkinen).the mouse ERG signal arises from the predominance of rods
in the mouse retina, the rods constituting about 97% of the
photoreceptors in mice (Carter-Dawson & LaVail, 1979).
To avoid this complication, functionally rodless mice strains
lacking diﬀerent phototransduction proteins have been
developed (Calvert et al., 2000; Humphries et al., 1997).
However, these models allow the analysis of the cone-driven
ERG of only young animals since the retinas of these trans-
genic animals appear to degenerate at young age.
As a very recent breakthrough, a brilliant method
enabling a thorough characterization of the electrical prop-
erties of single mouse cones has been developed by Niko-
nov et al. (Nikonov, Kholodenko, Lem, & Pugh, 2006;
Nikonov et al., 2005). In their method a set of photorecep-
tor inner segments is simultaneously sucked into a suction
pipette. Then all the rod function is suppressed with a sat-
urating background light, allowing the recording of cone
photocurrents if one or more cone inner segments were
present inside the pipette. The usage of the rod saturating
background, however, brings about a complication, since
the intense rod-suppressing illumination may aﬀect the
functional characteristics of the cone photoresponses.
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tures of dark-adapted mouse cone photoresponses in the
dark-adapted state, while avoiding the mechanical manipu-
lation of the cells that is necessary in suction pipette
method. We make use of the advantages of recording the
aspartate-isolated electroretinogram from the isolated ret-
ina, i.e. the massed potentials reﬂecting the changes in
the light sensitive current between the inner and outer seg-
ments. Instead of using strong rod saturating backgrounds
we suppress the rod activity using preﬂashes intense
enough to maintain rods in saturation, and then record
cone ﬂash responses we show to have recovered their
dark-adapted state. Our approach combines the advanta-
ges of in vivo electroretinogram and single cell recordings:
the cells remain intact in their virtually natural cellular
environment, while they are still easily available for pharm-
alogical and environmental manipulations needed to ‘‘pur-
ify’’ the cone signals. Due to the extensive averaging across
the recording area, the photoresponses are very repeatable,
and the signal to noise ratio is good even though the cone
ERG signals are small compared to rod signals. However,
the analysis of the data recorded as mass potentials is com-
plicated somewhat by the presence of two diﬀerent pig-
ments in mouse cones, one with absorption maximum at
360 nm and the other at 508 nm (Yokoyama & Yokoyama,
2000). The two pigments are coexpressed in diﬀerent pro-
portions in two subpopulations of cones, ‘‘S-cones’’ and
‘‘M-cones’’ (Jacobs, Neitz, & Deegan, 1991; Ro¨chlich,
van Veen, & Sze´l, 1994). In addition, there is a gradient
in the expression ratio of these pigments within each pop-
ulation along the vertical direction of the retina (Applebury
et al., 2000). Thus the distribution of the two pigments
within the recording area may lead to diﬀerent degrees of
stimulation in individual cones, depending on the wave-
length of stimulating light and each cone’s S/M pigment
ratio. However, stimulating selectively the M-pigment
(thus giving rise to signal almost exclusively in ‘‘M-domi-
nated’’ cones) we can arrive at a reasonable estimate of
the average eﬀective pigment density among the cones in
the recording area and thus gain an estimate for the
amount of pigment molecules activated by our stimuli.
The current work presents the basic characterisation of
the mouse M-cone ﬂash responses with respect to their sen-
sitivity, kinetics and recovery from preceding rod-saturating
stimuli. It portrays monophasic responses that are signiﬁ-
cantly faster than rod photoresponses and far less sensitive,
while still surprisingly eﬃcient in their activation phase, with
an activation eﬃcacy almost comparable to that of the rods.2. Methods
2.1. Preparation, recording and light stimulation
2.1.1. The ERG experiments
Pigmented mice (C57Bl/6) were dark-adapted overnight or at least for
3 h (there was no diﬀerence apparent in the presented results between these
protocols). The use and handling of all the animals in this study were in
accordance with the Finland Animal Welfare Act 1986 with guidelinesof the Animal Experimentation Committee of The University of Helsinki.
The animals were sacriﬁced, the eyes were enucleated and bisected along
the equator, and the retinas were detached in cooled Ringer under dim
red light. The isolated retina was placed in a specimen holder (Donner,
Hemila¨, & Koskelainen, 1988) with an active recording area of 1.2 mm
(diam.) at the ﬂat-mounted central retina. The upper (photoreceptor) side
was superfused with a constant ﬂow (ca. 1.4 ml/min) of Ringer’s solution
containing (mM): Na+ 133.9, K+ 3.3, Mg2+ 2.0, Ca2+ 1.0; Cl 143.2, glu-
cose, 10.0; EDTA, 0.01; Hepes, 12.0, buﬀered to pH 7.5–7.7 (at room tem-
perature) with 5.8 mM NaOH. Leibovitz culture medium L-15 (Sigma),
0.72 mg/ml, was added to improve the viability of the retina. Sodium-L-
aspartate (2 or 4 mM) was added to block synaptic transmission to sec-
ond-order neurons. In addition, BaCl2 (10 mM) was added in the lower
electrode space, from where it would diﬀuse to the retina to suppress glial
currents by blocking potassium channels located mainly at the endfeet of
Mu¨ller cells (Bolnick, Walter, & Sillman, 1979; Nymark, Heikkinen, Hal-
din, Donner, & Koskelainen, 2005). The temperature (37 C at the retina)
was controlled by a heat exchanger below the specimen holder and mon-
itored with a thermistor in the bath close to the retina (Ala-Laurila, Saari-
nen, Albert, Koskelainen, & Donner, 2002).
2.1.2. Recording and light stimulation
The transretinal potential was recorded with two Ag/AgCl pellet elec-
trodes, one in the subretinal space and the other in chloride solution con-
nected to the perfusion Ringer through a porous plug. The DC-signal was
ampliﬁed 10,000·, ﬁltered (2-pole) with low-pass frequency of 300 Hz, dig-
itised commonly at 1000 Hz and stored on a computer hard disk for fur-
ther analysis.
The ﬂashes used to produce short ﬂash stimuli with homogeneous full-
ﬁeld illumination to the distal side of the retina were provided by a dual-
beam optical system adapted from the setup used by Donner et al. (1988).
In brief, 16–20 ms light pulses were generated with a 543.5 nm HeNe laser
(Melles Griot 05 LGR 173, 0.8 mW) and a Compur shutter, the midpoint
of the ﬂash indicating the zero-time for the recordings. The Gaussian pro-
ﬁle of the laser beam was ﬂattened by conducting the beam through a light
guide with mixing ﬁbers. The uniformity of the beam at the level of the
retina was conﬁrmed with a small aperture photodiode. To provide
shorter stimuli speciﬁcally for cones, ca. 1.4 ms light pulses were generated
from a computer controlled xenon ﬂash gun (Minolta 360PX), with a
broad spectrum of wavelengths selected using a long-pass edge ﬁlter
(GG495 by Schott, k > 495 nm). In some experiments the ﬂash device
was set to deliver ca. 10 ms pulses to achieve maximal stimulus. The light
intensity of each source was controlled separately with calibrated neutral
density ﬁlters and wedges.2.2. Calibration of light intensities in terms of isomerised
photopigments (Rh*) in rods and cones
The absolute intensity of the unattenuated laser beam (photons mm2
s1 incident on the retina) was measured in each experiment with a
calibrated photodiode (EG&G HUV-1000B; calibration by the National
Standards Laboratory of Finland). The intensity of the stimuli from the
ﬂash device was calibrated biologically with respect to the measured laser
beam intensity by recording rod and cone responses to diﬀerent stimuli
from both devices and ﬁnding the relation in neutral density attenuation
between devices that produced equivalent responses.
2.2.1. Conversion of stimulus intensity to Rh* in rods
To produce sensitivity and ampliﬁcation parameters that are compara-
ble between species and recording conﬁgurations, it is useful to express
them in relation to the amount of isomerisations (Rh*) produced by the
stimulating ﬂash light in individual cells. In case of rods this is rather
straightforward, and the end-on collecting area ac of the rod can be calcu-
lated as (Baylor, Nunn, & Schnapf, 1984)
ac ¼ f pd
2
4
½1 10DDðkÞlc; ð1Þ
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tively, fP 1 is a dimensionless factor that accounts for light funnelling by
the inner segment and c is the quantum eﬃciency of photoisomerization.
DD(k) is the speciﬁc density of the outer segment at wavelength k. In our
recording geometry the light enters the retina from the photoreceptor side,
and thus the funnelling eﬀect by the rod inner segments is negligible, i.e.
f = 1. For the speciﬁc density of the outer segments at the wavelength of
maximal absorption kmax we adopt the value DD(kmax) = 0.016 o.d.units
lm1 (determined for rats rods by Nymark et al., 2005). Using the addi-
tional parameter values d = 1.4 lm, l = 24 lm (Carter-Dawson & LaVail,
1979) and c = 2/3 we arrive at ac,rod (kmax) = 0.73 lm
2. From the pigment
template by Govardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000)
we getDD(543.5 nm) = 0.503DD(kmax) for themouse rods (kmax = 498 nm,
Lyubarsky et al., 1999), and we arrive at ac,rod(543.5 nm) = 0.37 lm
2 for
our stimulus wavelength. The number of isomerised pigment molecules U
then relates to the stimulus intensity Ihm (as hm lm
2) at given wavelength by
U ¼ Ihv  ac ð2ÞFig. 1. Isolation of the cone photoresponses. The dark grey trace presents
a massed photoresponse of cones to a test ﬂash (xenon ﬂash gun)
corresponding to 8500 hm508nm lm
2. To obtain the isolated cone
response, the following two diﬀerent responses were recorded: the black
trace represents a response to a rod-saturating ﬂash (‘‘preﬂash only’’, a
20 ms ﬂash delivering 170,000 hm508nm lm
2) and the light grey trace
represents a response to a preﬂash, followed by the test ﬂash at 700 ms
(‘‘double ﬂash’’). The pure cone response to the test ﬂash is obtained by
subtracting the response to the preﬂash only from the response to the
double ﬂash. Each response is averaged from 2–3 trials.2.2.2. Estimating number of isomerised pigments in cones
The estimation of photoisomerisation rates in cones is less straight-
forward, due to the varying percentage of M-opsin expressed in diﬀer-
ent cones and possible shadowing of cones by rod outer segments. We
ﬁrst estimate ac,cone in our ERG recording geometry assuming no shad-
owing by rods and 100% expression of M-pigment and thus the same
optical density at absorption maximum as used for rods at their respec-
tive kmax. The mouse cones taper very slightly into conical shape (Car-
ter-Dawson & LaVail, 1979) and can be approximated as cylinders with
a diameter of 1.2 lm and length 13.4 lm (Nikonov et al., 2006). Thus
Eq. (1) yields ac,cone (kmax) = 0.29 lm
2, representing the situation in
which there is no pigment coexpression but all cones are exclusively
S- or M-cones, out of which we stimulate only the M-cones measur-
ably. We then take our estimation further by compensating the reduc-
tion of photon catch in our wavelength regime due to coexpression of
pigments and shadowing by rods with corrective terms to produce an
expression for the eﬀective collection area of the M-cones in our record-
ing geometry.
The rods of the ﬂat-mounted retina in our recording geometry can be
estimated to shadow the cones by approximately half of the length of their
outer segments (cf. Fig. 6 of Carter-Dawson & LaVail, 1979). This will
lead to a corrective term kshadow = 10
D(k)*½ lrod = 0.80 to the 543.5 nm
light reaching the cone outer segments, in which lrod is the length of rod
outer segment. It should be noted that this term is strongly wavelength
dependent, becoming increasingly signiﬁcant with wavelengths closer to
the rod absorption maximum at which it reaches the minimum value of
0.64.
The second modiﬁcation in the collection area must account for the
distribution of S- and M-pigment in the cones of the central retina. It
appears that the cones are divided into two main populations of ‘‘S-
dominated’’ and ‘‘M/S’’-cones with both the relative presentation of
each population and the pigment expression levels within individual
populations varying across the retina (Applebury et al., 2000; Nikonov
et al., 2006). For a rigorous treatment of the problem, we would need
to consider both of these varying factors, as even the ‘‘S-dominated’’
cones of the central retina respond noticeably to 500 nm light and thus
must contain a signiﬁcant fraction of M-pigment (Dr. Sergei Nikonov,
personal communication). Lacking data of the exact fraction of cells in
each population and the relative pigment distributions within popula-
tions, however, we will content with estimating the overall relative
M-pigment level at the region of interest. From the data of Applebury
et al. (2000, their Fig. 7.) we estimate that most cones in the central
region of the retina contain S-pigment, the level of which remains
rather constant in the nasal-temporal direction. The average percentage
of M-pigment in the cells of this area is taken to be ca. 35%, out of
total opsin concentration that is considered to remain practically con-
stant. If S-pigment is deemed unresponsive to our stimuli, this percent-
age of ‘‘available opsin’’ will aﬀect DD linearly: DDmod(k) = 0.35 DD(k).
This will lead into a corrective term of ca. 0.4 in our ac,cone. Multiplyingthe stimulus intensity by kshadow and replacing DD(k) by DDmod (k) in
Eq. (1), we get an estimation for the conversion factor from photon
ﬂux to isomerisation rate in the cones of the central retina: kshadow
ac,cone,‘‘M’’ = 0.078 lm
2 at their kmax and 0.067 lm
2 at 543.5 nm. Due
to uncertainties in estimating the eﬀective collecting areas, all the ﬂash
intensities in this work are primarily expressed in units of photons per
lm2 (hmk lm
2) and both the sensitivity and ampliﬁcation parameters
of the cones are given with respect to these units as well as with respect
to the estimated number of isomerisations per cell (Rh*). For compara-
bility of values between experimental setups and cell types, also these
‘‘raw’’ intensities reported in subsequent text have been scaled to corre-
spond to intensities at the kmax of the speciﬁc cell type in question.2.3. Analysis
The fractional amplitude vs. intensity data of cones were ﬁtted with the
Michaelis function
rðtpÞ
rsat
¼ IF
IF þ IF;1=2 ð3Þ
in which r(tp) is the response amplitude at the time of the peak (tp) and rsat
is the amplitude of the saturated response. IF is the ﬂash intensity (either as
photons, hmk lm
2, or number of isomerised pigments per cell, Rh*) and
IF,½ is the half-saturating ﬂash intensity. Fractional ﬂash sensitivity SF, i.e.
the fraction of the photosensitive current turned oﬀ by unit ﬂash intensity
is related to the half-saturating ﬂash intensity by SF = 1/IF,½. If the ﬂash
intensity is expressed as Rh*, SF denotes the single photon response of the
cell.
The respective rod data was ﬁtted with an exponential that has previ-
ously (e.g. Nymark et al., 2005) been shown to ﬁt well mammalian rod
amplitude vs. intensity data at body temperature, i.e.
rðtpÞ
rsat
¼ 1 eSF IF : ð4Þ
With murine rod responses the determination of rsat is somewhat contro-
versial due to the ‘‘nose’’ component, a fast negative peak in the saturated
photoresponses (see Fig. 1 and discussion there). The ‘‘nose’’ appears to be
a transient component added to the saturated response, but it could also
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conclusive evidence supporting either of these hypotheses, and because
the plateau level of saturated responses appears not to be aﬀected by
e.g. background light while the peak level of the nose is strongly aﬀected,
we chose the plateau level to reﬂect rod saturation amplitude. In case of
the nose peak truly reﬂecting the saturation amplitude instead, rsat would
be up to 40% larger.
To quantify the activation kinetics of the responses, the activation
phase of the normalized responses was ﬁtted with a phototransduction
model by Lamb and Pugh (1992),
rðtÞ
rsat
¼ 1 exp½ 1
2
UAðt  tdÞ2; ð5Þ
in which r(t) is the response waveform and rsat is the saturated response
amplitude. U is the stimulus intensity in photoisomerisations per cell
and A is an activation coeﬃcient (in sec2). The delay parameter td com-
bines several small delays in the activation cascade.
For cones, the activation model (Eq. (5)) was convolved with an expo-
nential delay presenting the cell’s membrane time constant s (which e.g. in
human cones is about 5 ms, Smith & Lamb, 1997). The time constant is
signiﬁcantly smaller in rods compared to cones, and due to the slower
kinetics of rod photoresponses, the eﬀect of time constant on the wave-
form is negligible in rods, and the time constant may be lumped into
the overall delay, td.
The inactivation kinetics of both rods and cones were quantiﬁed with
determination of the dominant time constant srec of the response inactiva-
tion (the ‘‘Pepperberg’’ analysis, introduced byPepperberg et al., 1992) from
the time required for 20% recovery of the responses to saturating ﬂashes.Fig. 2. Recovery of the cone response after the preﬂash. The grey trace
represents an isolated cone response to a test ﬂash equivalent to the rod-
saturating preﬂash (xenon ﬂash gun, I = 170,000 hm508nm lm
2), given at
time t = 0. The black traces represent the cone responses to the test ﬂash
(xenon ﬂash gun, I = 8500 hm508nm lm
2) at diﬀerent times Dtﬂash after the
preﬂash. The data is from the same retina as in Figs. 1 and 3, each response
presents an average from 2–3 trials. The response designated with an arrow
(Dtﬂash = 700 ms) is produced with the ﬂash interval used throughout the
rest of the experiment. The dotted curve ﬁtted to the response peaks
describes the recovery of the response amplitude as a product of ﬁve
exponentials (s = 105 ms) and the straight dashed line denotes the
recovered response amplitude of 22.4 lV. The inset presents the cone
responses to the test ﬂash shifted on the time scale to begin at t = 0.3. Results
3.1. Isolation of the M-cone responses
Aspartate-isolated photoresponses of the mouse retina
contain components from both rod and cone origin. The
cone component in our recordings can be considered to
be driven solely by activation of M-pigment: even at the
shortest stimulating wavelengths used in this work, the
absorbance of S-pigment has already diminished to less
than 1/500,000 of its maximum (based on pigment tem-
plates by Govardovskii et al., 2000), while the peak sensi-
tivities of S- and M-pigment dominated cones appear to
be essentially similar (Nikonov et al., 2006). On the other
hand, the M-cone photoresponses cannot be distinguished
from the rod responses by spectral means due to the simi-
larity of their spectral sensitivity characteristics, but the dif-
ferences in kinetics and sensitivity of these two cell types
enable isolation of pure cone responses (Fig. 1). The black
trace in Fig. 1 illustrates a typical response to a strong, rod
saturating ﬂash (intensity IPF). The initial phase of the
response comprises of a mixture of a cone response, a rel-
atively slowly activating rod response and a rapidly decay-
ing negative component, a ‘‘nose’’. After ca. 300 ms, the
initial transient part of the response containing both the
‘‘nose’’ and the cone response has returned to the baseline,
and all that remains is the saturated rod response. The light
grey trace that mostly overlaps the black one represents
responses to a pair of subsequent ﬂashes: a rod-saturating
preﬂash (intensity IPF) followed by a test ﬂash (IF), the
response that originates only in cones due to the main-
tained saturation of rods. The dark grey trace in Fig. 1 isthe pure cone response that results from subtracting the
response to ‘‘preﬂash only’’ from the response to ‘‘preﬂash
followed by the test ﬂash’’.
The initial ‘‘nose’’ is especially prominent in the retina of
Fig. 1, adding generally up to 40% to the amplitude deter-
mined at the saturated plateau of our mouse rod records
(when cone equivalent component removed; not shown in
the ﬁgure). It is mainly originated in rods, and is likely gener-
ated at least in part by currents through the voltage sensitive
channels in the inner segments of these cells (Bader, MacLe-
ish, & Schwartz, 1979; Barnes & Hille, 1989; Fain, Quandt,
Bastian, & Gerschenfeld, 1978; Green &Kapousta-Bruneau,
1999). No corresponding component will be generated in
response to a test ﬂash while the rods remain saturated. Thus
while the ‘‘nose’’ aﬀects the analysis of the waveform and
amplitude of the saturated rod responses, no eﬀect due to it
can be observed in our test ﬂash (cone) responses.
3.2. Recovery of the cone response after a rod-saturating
preﬂash
The rod-saturating preﬂash preceding the test ﬂash in
Fig. 1 is intense enough to stimulate cones to a consider-
able extent. To examine pure cone photoresponses in a
dark-adapted state, it is vital for the cones to have fully
recovered from their response to the preﬂash at the time
of the test ﬂash. To ensure this, we examined the recovery
of the cone responses to an approximately half-saturating
test ﬂash (intensity IF) as a function of the interval (Dtﬂash)
between consecutive ﬂashes. Fig. 2 presents a set of cone
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8500 hm508nm lm
2 with Dtﬂash varying from 200 to
800 ms. The light grey response at time Dtﬂash = 0 is the
cone response to a test stimulus photopically equal to the
preﬂash (IF = 170 000 hm508nm lm
2). The arrow marks
the preﬂash—test ﬂash interval (Dtﬂash = 700 ms) used dur-
ing the rest of the experiment.
While the cone response to the preﬂash temporarily
diminishes the amplitude of the cells’ responses to subse-
quent stimuli, it is noteworthy that it does not change the
response kinetics. The responses are simply scaled down
due to the adapting eﬀect of the previous response, but
not visibly accelerated or decelerated (see inset in Fig. 2).
The recovery of the diminished response amplitude is swift,
once Dtﬂash exceeds the time at which the cone response to
the preﬂash has returned to the baseline, the isolated cone
response to IF has fully recovered its amplitude. The
response amplitude as a function of time after the preﬂash
was well ﬁtted with a product of ﬁve decaying exponentials
(the dotted curve in the ﬁgure, r = ro (1  exp(t/s))5,
ro = 22.2 lV, s = 105 ms).Fig. 3. (a) A family of cone photoresponses from the same retina as in Figs 1
4300, 8500, 17,000, 85,000, 210,000, 850,000 and 4300,000 hm508nm lm
2. (b) T
with a Michaelis function (Eq. (3)), giving parameters Usat = 42 lV and I½ = 7
(Rh*)1. (c) The rod photoresponses (with a cone component superimposed to
10, 16, 31, 100, 310, 1000, 3100, 10,000, 31,000 and 100,000 hm498nm lm
2 and
with Eq. (4), resulted in parameters Usat = 105 lV and SF = 0.009 (hm498nm lmWith the preﬂash stimuli used in this study (IPF within
1.1 · 105 – 2.2 · 106 hm508nm lm2) the time intervals
needed for recovery periods were ca. 500–1000 ms, thus set-
ting the lower limit for Dtﬂash in each experiment. An upper
limit to the range of valid ﬂash intervals, ca. 1000–1500 ms
was set by the rod saturation time, which also had to be
estimated separately for each retina as extending Dtﬂash
beyond the rod saturation would have led to impure cone
responses with a rod component superimposed.
3.3. Waveform, sensitivity and kinetics of the cone responses
3.3.1. The general characteristics of the responses
Fig. 3a presents a family of cone photoresponses from
the same retina as in Figs. 1 and 2, portraying the typical
qualitative features of our cone recordings. As opposed
to the photoresponses from isolated cones of human
(Kraft, Neitz, & Neitz, 1998) and macaque (Schnapf,
Nunn, Meister, & Baylor, 1990) but resembling the ERG
data from human (Friedburg, Allen, Mason, & Lamb,
2004) and suction pipette recordings from mouse (Nikonovand 2 to a set of stimuli generated with the xenon ﬂash gun, yielding 2100,
he amplitude-intensity curve from the responses in (a). The data was ﬁtted
500 hm508nm lm
2, corresponding to single photon response of SF = 0.0017
the largest responses) from the same retina to 20 ms ﬂashes yielding yielded
(d) the amplitude-intensity curve for the responses in (c). Fitting this data
2)1, corresponding to ca. 0.013 (Rh*)1.
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responses are overall monophasic. The saturated responses
contain a small, fast negative ‘‘nose’’, followed by extended
plateau of saturation, resembling the behavior of rod
responses in both respects (Fig. 3c). The cone ‘‘nose’’ com-
ponent was visible in 6 out of 7 retinas. The small-stimulus
responses (amplitude 22% of the saturated response) peak
at 55 ms in this retina (the range of tp determined from
responses reaching 15–25% of the saturated amplitude in
9 retinas was 43–58 ms, with a mean of 51 ± 2 ms, SEM).
Thus the cones were over two-fold faster than the rods
from the same set of retinas (tp = 117 ± 3 ms). The cone
amplitude-intensity data was well ﬁtted with a Michaelis-
curve (Eq. (3)) with half-saturating stimulus intensity
I½ = 7500 hm508nm lm
2, corresponding to U = 580 Rh*
and a single-photon response SF of 0.17% per Rh*. The
I½ values from 9 retinas ranged from 2500 to
8500 hm508nm lm
2, with a mean of 5500 ± 700
hm508nm lm
2, corresponding to U½ = 430 ± 50 Rh* and
SF = 0.23%. The respective rod data from the same retinaFig. 4. (a) A family of cone photoresponses with the saturation ‘‘plateau’’ deno
59,000, 120,000, 240,000, 590,000, 1200,000 and 2400,000 hm508nm lm
2. (b) T
Pugh activation model (Eq. (5)). (c) The rod photoresponses from the same
43,000 hm498nm lm
2, with a cone component superimposed to the largest respo
and Pugh activation model. The model parameters for cones are: A = 5.4 s
td = 11 ms.followed closely an exponential relation (Eq. (4)) with
SF = 1.3% per Rh* in each rod (average 1.2 ± 0.3% per
Rh*; n = 10).
3.3.2. The ampliﬁcation and recovery kinetics
To further quantify the kinetics of the cones, the Lamb
and Pugh activation model (Eq. (5)) was ﬁtted to the rising
edge of the responses. Fig. 4a and b illustrate results of one
such ﬁt, with the rod responses from the same retina pre-
sented for comparison in Fig. 4c and d. To achieve qualita-
tively best ﬁt, it proved vital to normalise the responses of
both cell types according to the saturation level following
the ‘‘nose’’ part of the responses, instead of just using the
maximal response amplitude (cf. Nikonov et al., 2006;
Nymark et al., 2005). Then only rising phase of the subsat-
urated responses were used in the ﬁtting. The rod responses
were well ﬁtted with Eq. (5), without a noticeable improve-
ment to the ﬁt when ﬁltering due to a membrane time con-
stant was introduced to the model. However, the
membrane time constants used in ﬁtting the theoreticalted with dotted line in response to ﬂashes of I = 2400, 5900, 12,000, 24,000,
he 5 smallest and the largest response from (a) ﬁtted with the Lamb and
retina to intensities of I = 4.3, 14, 43, 140, 430, 1400, 4300, 14,000 and
nses. (d) The responses to 5 smallest stimuli from (c) ﬁtted with the Lamb
2, sm = 7 ms and td = 5 ms, and for rods: A = 6.7 s
2, sm=1 ms and
270 H. Heikkinen et al. / Vision Research 48 (2008) 264–272curves to the cone data were slightly higher than found in
literature (mean 6.5 ± 0.3 ms; n = 6), possibly reﬂecting
other damping factors in our experimental conditions, such
as the diﬀerences of M-pigment concentration and/or dif-
ferences in the photoresponse kinetics between individual
cones. The mean ampliﬁcation coeﬃcient Acone for cones
was 0.36 ± 0.03 s 2/ac, in which ac is the conversion factor
from the ﬂash intensity in hm lm2 at kmax to photoisomer-
isations. Using the eﬀective collecting area derived in Sec-
tion 2, this leads to an estimate of Acone = 4.6 ± 0.4 s
2.
The rod ampliﬁcation coeﬃcient was only slightly higher
to the estimates for cones, with a mean of
Arod = 5.6 ± 0.7 s
2. This diﬀerence in the ampliﬁcation
coeﬃcient can be taken as an overestimate, since the diﬀer-
ence may be removed if we reconsider our assumption of
the normalization level of saturated photoresponses. While
the ‘‘nose’’ adds up to 40% to the saturated amplitude in
rods (eﬀectively lowering the ampliﬁcation coeﬃcient by
about same factor), its eﬀect in cones is signiﬁcantly smal-
ler, ranging from 0 to 15% in the retinas of the present
study. If the nose truly reﬂected the photoresponse proper,
i.e the changes in the light-sensitive current, the corrections
in photoresponse saturation amplitude would lead to an
ampliﬁcation constant of ca. 4.0 for both rods and cones.
The kinetics of the response inactivation phase can be
characterized with a single parameter, the dominant time
constant of recovery srec (Pepperberg et al., 1992). By linear
ﬁt to the time for recovery of 20% from the saturation level
vs. the natural logarithm of stimulus intensity (see Fig. 5)
we found srec = 33 ± 4 ms (n = 3) for cones compared to
srec = 160 ± 7 ms for the rods in the same retinas.Fig. 5. Deactivation kinetics of (a) cones and (b) rods quantiﬁed with a Peppe
the cones and 171 ms for the rods in this retina. The intensities used to produce
and 1200,000 hm508nm lm
2 and 140, 430, 1400, 4300, 14,000 and 43,000 hm4984. Discussion
Isolated retina presents a model for phototransduction
studies, in which the photoreceptor cells remain intact
and maintain their natural retinal surroundings. While they
need not be mechanically manipulated to obtain photore-
sponse recordings, they are still readily available for phar-
macological treatments and environmental changes, e.g.
regarding temperature, pH, etc. In the present study we
have described the basic functional parameters of dark-
adapted photoresponses from mouse M-cones, providing
a bridge between electroretinogram studies of living ani-
mals and single cell suction pipette recordings. The ERG
of live subjects is non-invasive to the retinal cells but pure
photoreceptor light responses are tedious to obtain due to
intervening signal components, while suction pipette
recordings are a straight-forward way to study photorecep-
tor function but rather mechanically distressing to the cells
under investigation. It is thus interesting to make compar-
isons of the photoreceptor response parameters from the
isolated retina to those obtained by the above-mentioned
techniques.
Cone photoresponses are generally characterized as fast
and relatively insensitive, with 3–4 times smaller time-to-
peak (tp) values and 10- to 35-fold lower ﬂash sensitivity
than in rods of each species (for a review, see e.g. Pugh
& Lamb, 2000). The dark-adapted mouse cone responses
currently described are noticeably slower than reported
for some mammals, such as ground squirrel (Kraft, 1988,
ca. 20 ms) and human (Friedburg et al., 2004, 15–20 ms).
With tp of ca. 50 ms (range 43–63 ms), our cone responsesrberg-plot. srec, the dominant time constant of deactivation was 28 ms for
the cone responses in (a) were 24,000, 59,000, 120,000, 240,000 and 590,000
nm lm
2 for the rod responses (b).
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obtained for mouse by Nikonov et al. (2006) in their suc-
tion pipette recordings (taking into account the 22 ms delay
in their recordings due to the analog ﬁltering; Dr. Nikonov,
personal communication), implying this to be characteristic
kinetic behavior for the dark-adapted mouse cones.
Due to diﬀerences in geometrical conﬁgurations, any
comparisons of the sensitivity parameters obtained with
various experimental techniques must be based on esti-
mates of Rh* caused by the stimuli in each case. When
expressed in terms of photoisomerizations, our rod to cone
sensitivity ratio is surprisingly small, rod single photon
response being only ca. 5-fold bigger than that of the cones.
Due to diﬀerences in the respective collecting areas, the
ratio is signiﬁcantly larger, about 40 when stimuli are
expressed as intensities (at the respective kmax of cones
and rods). The fractional sensitivity values of ca. 0.2%
per Rh* are very similar when determined with the two
available recording methods for wild type cones (current
work and Nikonov et al., 2006). The rod ﬂash sensitivities
obtained by these two methods, however, diﬀer ca. 3- to 5-
fold, with a single photon response of 1.2% by our ERG
compared to the substantially higher values obtained with
suction pipette method by Nikonov et al. (2006) and Kris-
pel et al. (2006). The rod sensitivity value reported here
may be close to the values obtainable in vivo, instead. Kang
Derwent et al. (2007) have reported sensitivity parameter of
4.79 (sc cd s m2)1, which corresponds to SF of ca. 1–2%
per Rh* when using the intensity conversion factors deter-
mined by Lyubarsky, Daniele, and Pugh (2004). The diﬀer-
ences in rod sensitivity between ERG and suction pipette
can be largely explained by the slower shut down kinetics
in suction pipette recordings. While the quite similar acti-
vation coeﬃcients of the rod photoresponses determined
with either ERG in vivo (6.2 s2, Lyubarsky et al., 2004),
our ERG on isolated retinas (5.6 s2) or suction pipette
(7.6 – 8.4 s2, Nikonov et al., 2005) are too close to each
other to explain the diﬀerences in the ﬂash sensitivities,
there seem to be considerable diﬀerences in time to peak-
values and recovery time constants between the techniques,
speciﬁcally between ERG and single cell recordings. The
mouse rod photoresponses determined in ERG (in vivo or
isolated retina) peak close to 100 ms (ca. 93 ms by Hetling
& Pepperberg, 1999; 117 ms in current work, our parame-
ter being aﬀected somewhat due to the 20 ms ﬂash stimulus
beginning at t = 10 ms), while there is much more varia-
tion in the time to peak values recorded with single cell
recordings (e.g. 126 ms by Krispel et al., 2006; 180–
190 ms by Nikonov et al., 2005, taking into account the
delay by analog ﬁltering). Similar diﬀerences in tp-values
between ERG and suction pipette methods can be found
for monkey and human (cf. Friedburg, Thomas, & Lamb,
2001, their Table 1). Also time constants of recovery
reported for mouse rods in the same studies are longer
when determined by single cell recordings.
The origins of the low sensitivity of the cones compared
to that of the rods deserve a bit of further inspection. Itseems intuitive and straightforward to associate low sensi-
tivity with low gain in phototransduction, along with the
faster shut down kinetics of the photoresponse. Low ampli-
ﬁcation rate of cones has been determined for ﬁsh (Tachi-
banaki, Tsushima, & Kawamura, 2001), but is not
necessarily the case in mammals. Our data indicates very
similar eﬃcacies of activation in rods and cones, and is in
line with the work by Smith and Lamb (1997), who found
comparable estimates for ampliﬁcation coeﬃcients of
human rods and cones. Although there is slightly larger,
twofold diﬀerence in the rod/cone activation coeﬃcient
ratio determined by Nikonov et al. (2006), it is yet too
small to explain the diﬀerence between rod and cone single
photon responses. Thus given the relatively high gain in the
activation of the mouse cone photoresponse, the low cone
sensitivity must be attributed almost entirely to faster inac-
tivation kinetics of the cone ﬂash response compared to
rods, which is in line with the faster dominant time con-
stant of recovery in cones.
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